INTRODUCTION
Most brain areas contain highly heterogeneous neural circuits that are spatially intermingled and that serve different functions. Heterogeneity is manifested in diverse cell types, synaptic connectivity patterns, and physiological response profiles (Monyer and Markram, 2004) . Understanding information processing by neural circuits, therefore, depends on our ability to identify and study local circuits individually, yet within the context of their larger network. Recent advances in imaging, physiology, and molecular genetics have improved the resolution with which we can identify and functionally isolate neural circuits and their individual components in the intact brain (Denk et al., 2012; Luo et al., 2008) . Here, we combined an improved rabies-based method for transsynaptic tracing of local circuits with in vivo electrophysiology to investigate the unique functional attributes of a particular type of local interneurons in the olfactory bulb (OB) and its synaptic connectivity.
In the OB, olfactory information is represented by two consecutive layers of excitatory neurons, the olfactory receptor neurons (ORNs) and mitral and tufted (M/T) cells. ORNs send afferent axons to the OB where they converge into discrete glomeruli, forming a spatially distributed ''odor map'' (Sakano, 2010) . At the second layer, olfactory information is represented by populations of M/T cells, the output neurons of the OB. Although individual M/T cells receive direct input from a single class of ORNs, olfactory representations in the M/T populations are not a mere reflection of their cognate ORN input (Murthy, 2011) . In fact, M/T cells receive a large fraction of their synapses from local interneurons, most of which are inhibitory (Egger and Urban, 2006) , and OB local interneurons outnumber M/T cells by two orders of magnitude (Shepherd, 2004) .
The local inhibitory networks in the OB are highly diverse in terms of cellular markers (Batista-Brito et al., 2008) , morphology (Kosaka and Kosaka, 2011) , and physiology (Tan et al., 2010) . For example, granule cells (GCs) form a local inhibitory circuit with mitral cells (MCs) via dendrodendritic interactions (Jahr and Nicoll, 1980; Shepherd, 2004) . GCs mediate recurrent inhibition whereby GCs inhibit, in a reciprocal manner, the exact same MC that excited them. Additionally, GCs can mediate lateral inhibition between different MCs through inhibition of nearby MCs (Margrie et al., 2001; Shepherd et al., 2007) . Other inhibitory networks involving periglomerular neurons have been suggested to contribute to the decorrelation of M/T ensembles, a process suggested to be central for odor discrimination (Aungst et al., 2003; Cleland, 2010) . However, the mechanisms by which these and other local networks in the OB transform olfactory information remain poorly understood, partly due to the heterogeneity of the physiological properties and connectivity patterns of interneurons. For example, it remains unclear which local interneuron types provide direct input to M/T cells, and what are their spatial distributions with respect to that of M/T cells.
The rabies virus (RV)-mediated monosynaptic tracing strategy (Wickersham et al., 2007) has been combined with mouse genetics to identify presynaptic partners of defined neuronal subtypes in different regions of the brain and spinal cord. This system utilized a mutant RV, which lacks the rabies gene encoding the envelope glycoprotein (RG) required for viral spread. This mutant RV is pseudotyped with the avian EnvA envelope glycoprotein, which restricts the cells the virus can initially transduce to those that express the EnvA receptor TVA. To reconstitute infectious RV particles in vivo in a defined neuronal population of interest (the ''starter cell'' population), neurons are first transduced with conditional adeno-associated virus (AAV) vectors that express TVA and RG in a manner that is dependent on the expression of the Cre recombinase (Wall et al., 2010; WatabeUchida et al., 2012) or the tetracycline transactivator tTA2 (Miyamichi et al., 2011) . The starter cells can thus be restricted to particular populations based on cell-type-specific Cre or tTA2 expression. Neurons expressing TVA and RG can then be transduced by EnvA-pseudotyped and RG-deleted RV to produce starter cells, from which their presynaptic partners are infected by reconstituted RV. Here, we improved upon previous tracing methods so as to more precisely trace connectivity within local circuits. We combined our improved transsynaptic tracing with mouse genetics and in vivo physiology to investigate local interneuron circuits in the mouse OB. Our study suggests that reciprocal connections between M/T cells and parvalbumin neurons (PVNs) underlie a broad feedback control of the OB output.
RESULTS

Optimizing Local Circuit Analysis Using Transsynaptic Tracing
Two technical limitations need to be overcome in order for RVmediated transsynaptic labeling to be applied for the analysis of local circuit connectivity with precision. First, to achieve unambiguous interpretation of local connections, starter cells should be unequivocally labeled to distinguish them from their presynaptic partners. Second, nonspecific labeling by RV needs to be close to zero to avoid false positives in the identification of presynaptic partners. Currently applied methods suffer from one or both of these limitations (see below). Therefore, we first attempted to optimize the RV method for tracing local circuits.
In the system developed by Watabe-Uchida et al. (2012) , starter cells are cotransduced by two AAV vectors that express (1) a TVA-mCherry fusion protein in a Cre-dependent manner and (2) RG to complement RV-DG-GFP, allowing transsynaptic tracing from Cre-expressing cells. We found that, depending on the brain region and cell type, starter cells were not consistently detected due to variable expression of mCherry. To improve starter cell identification, we changed the promoter and sequences surrounding the start codon of the TVA-mCherry expression cassette ( Figure 1A; (Hippenmeyer et al., 2005) mice. The EnvA-pseudotyped RV (RV-DG-GFP+ EnvA) was introduced into the same location 2 weeks later, and animals were sacrificed for analysis 4 days afterward. In the Pvalb Cre/+ mice, we found 811 ± 324 (mean ± SEM, n = 3 animals) mCherry+/GFP+ starter cells clearly labeled with mCherry near the injection site ( Figures 1B and 1E ). Consistent with results from a previous study (Miyamichi et al., 2011) , thousands of mCherry-/GFP+ cells (GFP+ cells in short hereafter) were found near the injection site. Further away from the injection site, we found GFP+ cells in locations consistent with known long-range presynaptic partners of motor cortex neurons (Figure 1B ) (Iriki et al., 1989) . However, in the negative control animals that did not express Cre, significant number of GFP+ cells (74 ± 30, n = 4 animals), were also present near the injection site ( Figure 1C , left), as was reported by Watabe-Uchida et al. (2012) . The Cre-independent labeling was restricted to within $500 mm of the injection site and not present in long-range connections; this is likely caused by Cre-independent expression of TVA (see below), as TVA is known to be highly sensitive to EnvApseudotyped virus (Wall et al., 2010) . Leaky TVA expression also produced local background RV infection when using the tTA/TRE strategy (Miyamichi et al., 2011; Figure S1A available online) . As leaky expression of RG is unlikely sufficient to reconstitute infectious RV particles, this does not compromise longdistance tracing of presynaptic partners. However, local GFP+ cells produced by direct infection of Cre-negative cells by RV-DG-GFP+EnvA as a result of leaky TVA expression cannot be distinguished from transsynaptic spread from starter cells to local presynaptic partners, compromising specificity of local transsynaptic tracing. To decrease TVA activity without affecting the expression level of the TVA-mCherry fusion protein, we introduced a point mutation (Glu 66 /Thr, or 66T) in the TVA receptor known to reduce EnvA-enveloped viral transduction by $10-fold in a cell culture assay (Rong et al., 1998) . The expression levels of CAG-FLEx-TC 66T and CAG-FLEx-TC B were comparable in HEK293 cells, as assayed by mCherry fluorescence intensity ( Figure 1A ). When CAG-FLEx-TC 66T was used instead of CAG-FLEx-TC B along with CAG-FLEx-RG, followed by RV-DG-GFP+EnvA, Cre-independent labeling of GFP in the negative control animals was drastically reduced in the motor cortex (0.5 ± 0.5 GFP+ cells, n = 4 animals; Figure 1C , right) and in the OB (0.8 ± 0.5 GFP+ cells, n = 6 animals) of wild-type CD1 mice that did not express Cre (see Figure S1 for more controls). By contrast, when CAGFLEx-TC 66T and CAG-FLEx-RG were introduced into the motor cortex of Pvalb Cre/+ mice, we found 36 ± 20 (n = 4 animals) mCherry+/GFP+ starter cells clearly labeled with mCherry near the injection site. As expected, hundreds of local GFP+ cells were labeled near the injection site ( Figure 1D ), although the convergence index (defined as the number of presynaptic GFP+ cells divided by the number of starter cells) for long-distance transsynaptic labeling was significantly lower than those obtained by using CAG-FLEx-TC B ( Figure 1E ). , we changed the promoter to CAG, removed an upstream and out-of-frame ATG (*) between the promoter and the open reading frame after Cre-mediated recombination and added a Kozak sequence before the start codon (**) for optimal translation (Kozak, 1987 (F) Summary of three variants of transsynaptic tracing. Scale bars, 100 mm. See Figure S1 for additional controls and quantification.
long-distance tracing but cannot be used for mapping local circuits near the injection site due to high Cre-independent transduction by EnvA-pseudotyped RV. By contrast, TC 66T is suitable for analyzing local circuits with near-zero Cre-independent transduction of EnvA-pseudotyped RV, albeit with reduced number of starter cells ( Figures 1E and 1F ).
Parvalbumin Neurons Features Prominently in the Presynaptic Landscape of Mitral/Tufted Cells
We next applied CAG-FLEx-TC 66T -based transsynaptic tracing to map the presynaptic partners of M/T cells in the OB. We used Pcdh21-Cre mice (Nagai et al., 2005) to restrict starter cells to M/T cells. We targeted M/T cells of the ventrolateral OB (1.6 mm from the dorsal surface). All starter cells (mCherry+/ GFP+) in four animals were located either in the superficial layer between glomeruli and the external plexiform layer (EPL; 23 ± 12), or in the mitral cell layer (MCL; 23 ± 11) ( Among the different cell types labeled in the OB, the most prominent population was located in the EPL with a star-like shape, suggesting an interneuron identity (Kosaka et al., 1994) . To characterize the cell types of these GFP+ cells, we costained the OB sections with antibodies against calretinin, calbindin, parvalbumin (PV), tyrosine hydroxylase, and Tbr2. Among the antibodies used, anti-PV antibodies most frequently colabeled GFP+ neurons in the EPL ( Figure 2B ). Indeed, 88.1% ± 1.6% of GFP+ cells in the EPL were PV+ neurons (PVNs) (n = 3 animals). To test whether this enrichment reflects connection specificity or bias of RV infection, we directly injected RV carrying its own glycoprotein in its envelope (RV-DG-GFP+RG) into the OB, which should transduce all cell types capable of receiving RV whether or not they are synaptically connected with M/T cells. We found that only 33.0% ± 1.6% of GFP+ cells in the EPL were PVNs (n = 3 animals; Figure S1D ). Thus, the enrichment of PVNs in the M/T transsynaptic tracing experiment reflects connection specificity: PVNs are prominent presynaptic partners of M/T cells.
To compare the distribution of labeled cells in different layers and of different cell types across samples, we mapped them to a common 3D reference OB using a modified 3D reconstruction protocol (Miyamichi et al., 2011 ) (see Supplemental Experimental Procedures and Figure S2 ). As an example, Figure 2C (top) shows the lateral view of a representative OB sample (same as Figure 2A Figure S2D for an additional example). To quantify this observation, we introduced a cylindrical coordinate system into the OB model, where Z represents the position along the anterior-posterior axis and q represents the angle from the dorsal polar axis ( Figure 2C ). We normalized individual samples to a common frame and use q 0 and Z 0 to represent normalized values (see Supplemental Experimental Procedures). The histograms in Figure 2D show that PVNs EPL were significantly more widely distributed than their target M/T cells in both axes (Levene's test for equal variance; p < 0.001). Notably, longer survival period for RV to spread and label presynapitc neurons did not change tracing efficiency of local circuits or general labeling patterns in the OB ( Figure S3 ). Thus, M/T cells receive input from PVNs that are more broadly distributed spatially than the M/T cells themselves. Cre-dependent tdTomato reporter (Hippenmeyer et al., 2005; Madisen et al., 2010) . As expected from known distributions of PVNs in the OB, tdTomato+ cells were found predominantly in the EPL, with small numbers in the glomerular layer (GL) and granule cell layer (GCL) ( Figure 3A ). While not all PV+ EPL cells were tdTomato+, the vast majority of EPL tdTomato+ cells were PV+ as assessed by immunostaining (97.2%, n = 280 cells from 2 mice; Figure 3B ). Therefore, we regard tdTomato+ neurons in the EPL of these mice as PVNs EPL . We targeted PVNs EPL by combining in vivo two-photon imaging of the dorsal surface of the OB with loose-patch recordings ( Figure 3C ) (Margrie et al., 2003) . Unlike in the cortex, where PVNs are known to be fast-spiking interneurons, PVNs EPL in the OB did not have a unique spike shape by which we can validate correct targeting ( Figure S4 ). To validate correct targeting, therefore, we filled each cell with electrode dye after recording ( Figure 3D ). Only neurons that were successfully patched, recorded throughout the session, and double labeled with tdTomato and the electrode dye were included in our data set.
PVNs EPL Are Broadly Tuned to Odors
We monitored both the spontaneous and odor-evoked activity of PVNs EPL in anesthetized, freely breathing mice (n = 30 cells from 15 mice). Spontaneous firing rates of PVNs EPL were highly heterogeneous, spanning between 0.4 and 42 Hz (mean 13.57 ± 1.81 Hz). Furthermore, 90% of PVNs EPL were spontaneously tuned to the phase of the respiratory cycle, with the activity in most cells locked to the inhalation period (binomial proportion test; p < 0.001; Figure S4 ). For odor stimulation, we used a panel of five monomolecular odors known to activate the dorsal OB. A representative example of one such recording in response to a 2 s odor stimulus is shown in Figure 3E . Here, the PVN EPL responded significantly to each of the five odors (paired t test; p < 0.001 for all odors). We recorded the odor response profiles of PVNs EPL as well as two additional neuronal populations in the same mice. One
Neuron
Broad Feedback by Olfactory Bulb PV Neurons additional group was comprised of tdTomato-negative cells in the EPL (n = 20 cells, from 11 mice). Although little is known about these cells, previous studies showed that they include interneurons expressing somatostatin, CRH, calrectinin, or TH alone or in combination, as well as tufted cells (Hamilton et al., 2005; Huang et al., 2013) . Based on our estimation that PV+ cells comprise 33% of the EPL cells ( Figure S1D ), and as only 24% of PV+ neurons did not express tdTomato ( Figure 3B ), we infer that 
Broad Feedback by Olfactory Bulb PV Neurons tdTomato-negative cells expressing PV+ comprise only $11% of the EPL. Thus, we collectively refer to tdTomato-negative cells in the EPL as non-PVNs EPL . The second interneuron group we used for comparison was the GCs, the largest interneuron population in the OB (n = 27 cells, from 4 mice). Recordings from PVNs EPL and non-PVNs EPL were made strictly from the EPL (mean recording depth 186.76 ± 42.13 mm) using two-photontargeted patch, and GCs were targeted blindly by limiting the pipette depth to the GCL (>340 mm; Figure 4A ). Additionally, non-PVNs EPL were filled with dye after recording to verify that the recording was from an EPL cell body, rather than an en passant neurite ( Figure 4B ). This preparation allowed us to perform the first in vivo functional investigation of sparse, genetically defined subpopulations in the OB.
Recording the odor-evoked activity of these three groups allowed us to compare their odor response profiles under similar conditions. We first examined the odor selectivity of each group by testing each cell's spiking response to the panel of five odors.
Neurons that responded to all five odors were considered nonselective or broadly tuned (see Experimental Procedures). Our first striking observation was that PVNs EPL were particularly broadly tuned. For example, Figure 4C shows three PVNs EPL responding to three, four, or all five odorants ( Figure 4C , asterisks). In contrast, non-PVNs EPL and GCs normally responded to only one to two odors ( Figures 4D and 4E, asterisks) . In total, while 93% (28/30 neurons) of the PVNs EPL responded to three or more odors, only 25% (5/20 neurons) of the non-PVNs EPL and 11% (5/27 neurons) of the GCs responded similarly ( Figure 4F ). Moreover, 33% (10/30 neurons) of the PVNs EPL responded to all odors presented, whereas none of the GC and only 5% (1/20 neurons) of the non-PVNs EPL showed such broad tuning ( Figure 4F ). Statistical analysis validated that the PVNs EPL were significantly more broadly tuned to odors compared to the two other populations we tested (Tukey's HSD, p < 0.05, Figure 4F ).
Unique Odor Response Profile of PVNs EPL
Having found that PVNs EPL are particularly broadly tuned to odors, we next analyzed whether they have other unique physiological properties. We first subdivided odor responses into changes in firing rates and in phase tuning (see Experimental Procedures). While PVNs EPL showed both types of odor-evoked responses (e.g., Figure 5A for rate changes; Figures 5B and 5C for phase tuning changes), the vast majority of odor responses were characterized by changes in firing rate (>95%, binomial test; p < 0.001, Figure 5D ). Odor-evoked changes in PVNs EPL firing rate were primarily excitatory (Figures 5A 1 -5A 3 and 5E), but some neurons showed inhibitory responses ( Figure 5A 4 ) . Interestingly, most PVNs EPL (>80%) and non-PVNs EPL exhibited either exclusively excitatory or exclusively inhibitory odorevoked responses. By contrast, GCs showed similar levels of excitatory and inhibitory responses, even within a given cell (Figure 5E ; Figure S5 ). These data suggest that PVNs EPL receive predominantly excitatory (or disinhibitory) inputs.
To further examine the physiological characteristics of PVNs EPL , we classified excitatory odor responses into three categories: ''on,'' ''persistent,'' and ''off'' responses. Examples of all three response types from different PVNs EPL are shown in
Figures 5A 1 -5A 3 . All three groups showed predominantly ''on'' responses (89%, 85%, and 87% for PVN EPL , non-PVN EPL , and GC, respectively; Figure 5F ). Interestingly, however, and unique to PVNs EPL , over 40% of excitatory responses persisted after odor stimulation had ended (mean persistent response to a 2 s odor stimulation was 7.13 ± 0.38 s). Finally, the magnitude of PVNs EPL responses (quantified by the absolute maximal changes in firing rates) was significantly higher than that of both nonPVNs EPL and GCs (Tukey's HSD, p < 0.05, Figure 5G ). Taken together, these data suggest that PVNs EPL exert robust and persistent inhibition upon M/T cells to a wide range of stimuli.
PVNs Integrate Input from Broadly Distributed Mitral/ Tufted Cells
To investigate the underlying basis for the broad odor tuning of PVNs EPL , we applied the CAG-FLEx-TC 66T -based transsynaptic tracing strategy using Pvalb Cre/+ mice (Hippenmeyer et al., 2005) to determine the presynaptic landscape of the PVNs themselves (n = 7 mice). Almost all (>97%) starter cells (mCherry+/GFP+) were clearly labeled with PV antibodies ( Figure 6A ). As expected from previous anatomical studies, in addition to the PVNs EPL , starter cells were often found in the deeper internal plexiform and granule cell layers (IPL/GCL; Figure 6A ; hereafter referred to as PVNs IPL ). On average, we detected 11.7 ± 3.7 starter PVNs and various types of GFP+ neurons in the OB (271.6 ± 83.9 cells per animal) and in the AON/APC (76.9 ± 48.5 cells; Figures S6A-S6C ), which are presumed presynaptic partners of PVNs. GFP+ neurons in the OB included periglomerular and external tufted cells in the glomerular layer (29.4 ± 6.9 cells), EPL neurons (90.1 ± 39.2 cells), MCs (43.0 ± 10.8 cells), granule cells (5.9 ± 1.8 cells), and dSACs (106 ± 33.9 cells). In two samples, we obtained exclusively PVNs EPL as starter cells. In both samples, MCs were detected as presynaptic partners, indicating MC/PVN EPL direct connections. The convergence index was 7.8 and 6.3, indicating that multiple MC inputs converge onto each PVN EPL . As noted previously (Marshel et al., 2010; Miyamichi et al., 2011) , convergence index derived from RV-based transsynaptic tracing is probably an underestimate of the real connectivity.
We next analyzed the spatial distribution of neurons presynaptic to PVNs using 3D-reconstructed OBs. Figure 6B shows a representative example (animal 1) with starter PVNs exclusively in the EPL restricted to the region near the injection site. Presynaptic partners to these PVN EPL starter cells were more widely distributed spatially than the PVN EPL starter cells themselves.
Notably, the presynaptic MCs (shown in red) were located most broadly, both along the dorsal-ventral and anterior-posterior axes. Other examples (that contained both PVN EPL and PVN IPL as starter cells) showed a similar trend. The histograms of q 0 and Z 0 ( Figure 6C , n = 7 pooled data) showed that presynaptic MCs were significantly more broadly distributed compared to the starter PVNs along both the dorsal-ventral axis (q 0 ) and the anterior-posterior axis (Z 0 ) (Levene's test for equal variance; p < 0.01). The combined data of presynaptic partner tracing from the M/T (Figure 2 Mitral Cell-Granule Cell Reciprocal Connections Are Narrowly Organized GCs are known to receive excitatory input from MC's secondary dendrites in the EPL and send back inhibitory output to the dendrites of parent and nearby MCs (Shepherd, 2004) . This MC/GC/MC feedback loop is thought to mediate recurrent and lateral inhibition. However, in vivo evidence to support these models is still limited, and the spatial distribution of this lateral connectivity is unknown. To investigate the circuit organization of MC-GC connections in comparison to the MC/PVN EPL / MC feedback loop, we used transsynaptic tracing. It is challenging to restrict starter cells to GCs, however, because GCspecific Cre driver lines have not been reported. Instead, we used a pan-GABAergic driver, GAD2 Cre/+ , and injected Cre-dependent AAVs (CAG-FLEx-TC
66T
and CAG-FLEx-RG) into the GCL of the OB, taking advantage of the fact that the vast majority GCL neurons are GCs. We obtained two samples (out of eight OBs injected and analyzed) that contained starter cells only in the GCL, without ''contamination'' of periglomerular cells, EPL neurons, or dSACs. In one sample ( Figure 7A ), 82 starter GCs produced 272 presynaptic GFP+ neurons in the OB. In contrast to the neuronal populations presynaptic to M/T cells or PVNs, no neurons in the glomerular layer or external tufted cells were labeled from starter GCs. From the pooled data of both samples, a single starter GC, on average, labeled 0.54 MCs, 0.87 EPL neurons, 0.57 dSACs, and 0.6 pyramidal cells in the AON/APC ( Figure S6G) . To quantitatively analyze the spatial distribution of presynaptic MCs relative to the starter GCs, we reconstructed the OB as shown above (Figures 7B and 7D, top) . MCs that were presynaptic to GCs formed clusters close to the starter cells without significant lateral spread. This distribution of presynaptic MCs was in sharp contrast to the widespread distribution M/T cells presynaptic to PVNs (Figures 6B and 6C) . Finally, we analyzed the spatial organization of GC/MC connections from the transsynaptic tracing data using Pcdh21-Cre (Figure 2 ). The distribution of presynaptic GCs ( Figure 7C , green) was only slightly greater than the area of the starter MCs (Figure 7C, yellow) . Pooled and normalized distributions (q 0 and Z 0 ) supported this observation quantitatively ( Figure 7D, bottom) . Thus, the projection neurons of the OB, the mitral/tufted cells, are connected to two local feedback loops involving PVNs EPL and GCs, with striking differences in their physiological properties (Figures 4 and 5 ) and anatomical organization (Figures 2, 6, and 7) .
DISCUSSION
Here, we used cell-type-specific transsynaptic tracing and in vivo physiology to characterize the circuit composed of the reciprocal connections between PVN EPL and M/T cells. We discuss below the anatomical and physiological properties of this circuit in comparison with the MC/GC/MC circuit and suggest that M/T/PVN EPL /M/T connections form a spatially broad lateral inhibitory circuit in the OB (Figure 8 ). We also discuss the technical advances and limitations of applying transsynaptic tracing tools to untangle the complexity of local neuronal circuits.
In the OB, odor information from sensory neurons is processed by multiple local networks of interneurons. Local networks thus shape the activity of M/T cells that convey odor information to higher brain regions (Dhawale et al., 2010; Kikuta et al., 2013; Tan et al., 2010) . The presynaptic landscape of M/T cells described here provides a rudimentary ''roadmap,'' upon which physiological and functional studies can be integrated for understanding the complex interactions underlying transformations of olfactory information. From this landscape, the PVN EPL subpopulation emerged as a prominent source of M/T cell input (Figure 2) . PVNs have recently attracted much attention elsewhere in the brain (Isaacson and Scanziani, 2011; Tiesinga and Sejnowski, 2009 ). In the cortex, for example, these cells provide classic feedforward inhibition onto pyramidal cells, controlling both the timing and spatial spread of cortical excitation (Cruikshank et al., 2007; Gabernet et al., 2005; Gibson et al., 1999; Inoue and Imoto, 2006; Poo and Isaacson, 2009 ). Cortical PVNs have also been implicated in forming gamma oscillations (Sohal et al., 2009) , regulating the activation of quiescent hippocampal stem cells (Song et al., 2012) and the onset of developmental critical periods in an experience-dependent manner (Kuhlman et al., 2011) . In the OB, the role of PVNs has been inferred largely from anatomical studies, where their connectivity onto M/T cells has been established Kosaka, 2008, 2011 ). Here we highlight two prominent features of PVNs EPL : their relatively broad odor tuning and spatially widespread connection patterns. Notably, both of these features are rather unique in comparison to other neurons in the OB (Davison and Katz, 2007; Fantana et al., 2008; Kato et al., 2012; Kikuta et al., 2013) . What may be the role of broadly tuned interneurons exerting widespread local inhibition in the OB?
Previous studies examining the inhibition performed in the EPL have largely focused on the MC/GC/MC circuit. This reciprocal connectivity has been proposed to mediate nearestneighbor lateral inhibition, as well as recurrent inhibition (Margrie et al., 2001; Mori et al., 1999; Yokoi et al., 1995) . More recently, this lateral inhibitory circuit has been suggested to function in a spatially distributed manner, among distinct glomerular units that are not limited to the nearest-neighbor glomeruli (Schoenfeld et al., 1985) . Scale bar, 200 mm. (C) Histograms showing distribution of normalized q and Z (q 0 and Z 0 ) for pooled data (n = 7 mice). Notably, both q 0 and Z 0 distribution of presynaptically labeled
MCs are significantly broader than those of starter cells. **p < 0.01 and ***p < 0.001 by the Levene's test against the null hypothesis assuming the equal variance between two populations. See Figure S6 for cortical feedback input to PVNs. (Debarbieux et al., 2003; Fantana et al., 2008) . Our anatomical and physiological data suggest that the GC feedback loop is narrowly tuned both spatially and functionally, supporting their role in local columnar computation. By contrast, the spatially and functionally broad MC/PVN EPL /MC feedback loop suggests a role in more global computations within the EPL (Figure 8 ). For example, one computation commonly thought to be performed in the OB is decorrelation of similar odor representations (Cleland, 2010) . Although the dominant models of bulbar decorrelation focus on interglomerular mechanisms at the glomerular layer (Aungst et al., 2003; Whitesell et al., 2013) or GC lateral inhibition, broadly tuned inhibition may also provide a complementary mechanism to promote decorrelation (Poo and Isaacson, 2009; Sohya et al., 2007) . Specifically in the OB, PVNs EPL would exert robust inhibition onto M/T cells, effectively elevating their response threshold. Additionally, both theoretical models and experimental observations suggest a role for broadly tuned inhibition in input normalization. In the OB and Drosophila antennal lobe (analogous to vertebrate OB), broadly tuned inhibition, scaled by the total input activity, may enable the limited dynamic range of projection neurons to encode information over a wide range of odorant concentration (Isaacson and Scanziani, 2011; Olsen et al., 2010) . The inhibition exerted by PVN EPL is broadly distributed across the input field. Thus, these cells may promote the relative, rather than absolute, odor representation by M/T cells (see Kato et al., 2013) . The broad odor tuning of PVNs is consistent with the broad distribution of M/T/PVN excitatory inputs, while the narrow responsiveness of GCs can be explained by the narrowly distributed connectivity. How do multiple local feedback circuits operate at distinct spatial scales? One hypothesis is that GCs form reciprocal synapses more preferentially on proximal dendrites Indeed, a previous pseudorabies virus-mediated multisynaptic circuit mapping study identified cluster-like organization of the GC-M/T connections (Willhite et al., 2006) , consistent with the narrow spatial distribution. Our data suggests that GCs connect predominately near the parent mitral cell soma. In this study, we improved the RV-based Cre-dependent transsynaptic tracing system (Wall et al., 2010; Watabe-Uchida et al., 2012) (Figure 1 ), enabling analysis of local connectivity in any circuit with starter cells defined by a specific Cre line. We provided evidence in support of synaptic specificity of RV spread. For example, $88% of RV labeled neurons in the EPL from the starter M/T cells were PVNs, despite the fact that PVNs constitute only $33% of all RV-infectable cells in the EPL ( Figure S1D ). Therefore, selective RV spread from M/T cells to PVNs EPL indicates both strong PVN EPL /M/T connections and preferential RV spread through synaptic connections. External tufted cells were not labeled from starter GCs, despite the fact that their secondary dendrites (Igarashi et al., 2012) are intermingled with the ascending dendrites of GCs, also supporting the synapse specificity of RV spread. Our study also extended the utility of RV tracing to mapping connections made by atypical dendrodendritic connections between M/T and PVNs EPL or GCs (Shepherd et al., 2007) , at least qualitatively. However, transsynaptic tracing is still a method under development and its limitations are not fully understood. For example, a major caveat is that only a subset of presynaptic partners of starter cells are labeled, leading to significant underestimation of the full connectivity matrix. Therefore, the quantitative data regarding convergence ratio should only be interpreted in a relative rather than absolute manner. Another limitation of the current study is that we cannot distinguish mitral from tufted cells, as a mitral cell-specific Cre line has yet to be established. As their electrophysiological properties (Nagayama et al., 2004) and axonal projection patterns (Igarashi et al., 2012) are different, it will be interesting to compare the presynaptic landscape of these two distinct classes of projection neurons in the OB as genetic tools become available in the future. Nevertheless, our approach of integrating cell-type-specific tracing with in vivo physiology facilitates studies of local circuits individually, yet retaining the context of their larger networks. We expect it to be widely applicable to dissect the function of neural circuits in many other parts of the brain.
EXPERIMENTAL PROCEDURES Animals
All animal procedures followed animal care guidelines approved by Stanford University's Administrative Panel on Laboratory Animal Care (A-PLAC) and the Hebrew University Animal Care and Use Committee. The Pcdh21-Cre (Nagai et al., 2005) mouse was obtained from RIKEN Bioresource Center (Japan). Pvalb Cre (Hippenmeyer et al., 2005) , GAD2 Cre , and Cre-dependent tdTomato reporter strain ROSA26 Ai9 (Madisen et al., 2010) were obtained from the Jackson Laboratories.
Surgical and Viral Procedures
To genetically label PV-positive neurons (Figures 3, 4 , and 5), a total of n = 27 Pvalb Cre/+ ; ROSA26 Ai9/+ double heterozygous mice were used, both male and female, 8-12 weeks old. Twenty-five mice were used for in vivo electrophysiology experiments and two for histology. For electrophysiology, mice were anesthetized with an intraperitoneal injection of ketamine and medetomidine (100 mg/kg and 0.83 mg/kg, respectively) and a subcutaneous injection of carprofen (0.004 mg/g). Additionally, dextrose saline was injected to prevent dehydration. Experiments lasted up to 11 hr (usually $6 hr). The depth of anesthesia was assessed by monitoring the pinch withdrawal reflex and rectal temperature was continuously monitored and maintained at 36 C ± 1 C. For imaging and recording, a craniotomy ($1 3 2 mm) was performed over the OB of one hemisphere, while taking care to ensure that the dura remained intact. For transsynaptic labeling (Figures 1, 2, 6 , and 7), 0.3 ml of 1:1 mixture of AAV CAG-FLEx-RG and AAV CAG-FLEx-TC (TC B for the experiments in Figure 1 and TC 66T for the experiments in Figures 2, 6 , and 7) was injected into the brain at postnatal day (PD) 21 by using a stereotactic apparatus (KOPF). During surgery, animals were anesthetized with 65 mg/kg ketamine and 13 mg/kg xylazine (Lloid Laboratories). For motor cortex injections, the needle was placed 1.5 mm anterior and 1.5 mm lateral from the bregma and 0.4 mm from the brain surface. For OB injections, needle was placed 4.2 mm anterior and 0.8 mm lateral from the bregma and 1.6 mm from the OB surface. After recovery, animals were housed in regular 12 hr dark/light cycle with food and water ad libitum. Two weeks later, 0.3 ml of pseudotyped RV (DG-GFP+EnvA) was injected into the same brain location under anesthesia. After recovery, animals were housed in a biosafety room for 4 days (or 8 days only for Figure S3 ) to allow RV to infect, transsynaptically spread, and express sufficient amount of GFP to label presynaptic cells.
Electrophysiology
Imaging was performed on an Ultima two-photon microscope from Prairie Technologies, using a 163 water-immersion objective lens (0.8 NA; CF175, Nikon) at 915 nm excitation (DeepSee femtosec laser, Spectraphysics). Electrodes (5-10 MU) were filled with an internal solution containing 140 mM K-gluconate, 10 mM KCl, 10 mM HEPES, 10 mM Na 2 -Phosphocreatine, 4 mM MgATP, 0.4 mM Na 2 GTP, and 0.5 mM EGTA, pH adjusted to 7.25 with KOH. We added 200 mM Alexa Fluor 488 (Life Technologies, Invitrogen) in targeted recordings, and dye from the electrode was electroporated into the cell using current pulses. Only tdTomato+ cells that were distinctly filled during this procedure were included in our PVN EPL and non-PVN EPL data set. Odor stimuli were delivered directly to the nose via a custom made 5-channel olfactometer with completely isolated odor channels to circumvent contamination between odors. The odors (Butanal, Pentanal, ethyl tiglate, propanol, and ethyl butyrate) were delivered for 2 s (4-10 trials/odor) in a pseudorandom order, with an interstimulus interval of 18 s at a final concentration of 50 ppm or 500 ppm. No significant differences between the average data of these concentrations were found so data were pooled. The animal's respiration was monitored throughout the experiment by a low pressure sensor (1-INCH-D1-4V-MINI, by ''All sensors''), which was used to identify the inhalation onset during the respiratory cycle and to trigger odor delivery. All data anaylsis was carried out by custom-written MATLAB programs.
Additional procedures on constructs and virus preparations, two-photontargeted recording from PV-positive neurons, respiration-triggered odor delivery, electrophysiological data analysis, immunohistochemistry and microscopy, and 3D reconstruction and quantitative analysis can be found in the Supplemental Exeprimental Procedures. 
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